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Abstract
At high magnetic field strengths ( > 4 T), the propagation wave vector of the excitation field B1 can no longer be ignored as the
wavelength becomes commensurate or smaller than the imaging field of view (FOV), particularly for high dielectric media. The
emergence of this propagation wave vector renders the excitation field variant in both time and space. In this paper, the propagation
of RF excitation waves in a high field vertical NMR system is demonstrated for the first time with an appropriate screened dielectric
waveguide excited by a simple loop coil to enable below cutoff propagation for imaging in the far field. Uniquely, aqueous samples
provide the high permittivity required to modify the cut-off requirements of this transmission system. Theory and simulations
corroborate the observed propagating modes field patterns. The ease of construction and implementation of this setup permits use
in a variety of high field systems. At a minimum, this design provides a larger FOV that is limited primarily by the three-dimensional
linearity of the gradient coil. More critically, it also opens up the use of multimode excitation for selective nulling or maximum
excitation of the FOV along the direction of wave propagation.
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1. Introduction
Owing to the low wavelengths in tissues, RF waves at ultra-
high fields can generate complex phenomena commonly ob-
served in optics but traditionally negligible in NMR experi-
ments, including phase modulation of the excitation field as
well as wave interference and diffraction. The above phenom-
ena are also naturally associated with the propagation effects
in media [1, 2] that offer several advantages to RF manipula-
tions. Specifically, propagating or traveling wave (TW) can be
the most effective way to deliver RF power at ultra-high fields
to a large region of interest (ROI) and it can naturally provide
variety of modes [3]. The propagation of waves inside an elec-
trodynamic system with cylindrical geometry of an MR scanner
may be implemented by using a hollow metal waveguide, either
by using the bore of the scanner [4], its shield or a specially
constructed and dedicated waveguide [5].
Originally implemented in large-bore clinical scanners at 7.0
T [6], the TW technique is not easily accessible at higher fields
( > 7 T) since the typical diameters of bores of pre-clinical an-
imal and vertical magnets are generally small compared to the
free-space wavelength. Therefore, such waveguides are below
the cut-off requirements for wave propagation. Even at 7 T,
only the lowest TE mode of cylindrical waveguide can prop-
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agate in a hollow bore due to stringent cut-off wavelength re-
quirements. Higher modes (TE, TM and hybrid modes) of a
cylindrical waveguide can be propagated only through the use
of high permittivity dielectrics [7, 8]. However, uncontrolled
propagating mode excitation in dielectrics may result in non-
uniform B1 field distribution, as was early evidenced at high
field MRI in the context of dielectric resonance [9]. Alterna-
tively, wave propagation inside a scanner can be facilitated by
a coaxial transmission line [10, 11, 12, 13].
In this work, a screened dielectric waveguide was employed
to demonstrate TW MR imaging below cut-off in a vertical
21.1-T (900-MHz) ultra-wide-bore (105-mm) NMR magnet,
the highest field currently available for imaging [14]. In par-
ticular, we implemented an RF transmission line that consists
of a cylindrical waveguide partially filled with a concentric di-
electric sample, which effectively modifies the cut-off require-
ments in the bore to achieve RF mode propagation within a rela-
tively small bore. Underscoring its ease in implementation, this
waveguide system was mounted with only minor modifications
to an existing homebuilt probe frame used for in vivo animal
imaging. As such, this design could be implemented in almost
any vertical or pre-clinical system for either imaging or spec-
troscopy applications with minimal effort. The main advantage
of TW approach is the removal of the spatial limitations of a
near-field RF coil to increase the usable FOV up to the linear-
ity limitations of an imaging gradient or the physical sample
constraints of a spectroscopic experiment. Thus, such system
would allow large throughput in imaging small animals with a
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potential of high-speed imaging.
2. Methods
2.1. Theory
Hollow metal waveguides are widely used for microwave
transmission in radar applications. The main advantages of
such waveguides are ease of specific mode excitation, low
power loss for dominant modes and robust implementation.
With current cryogenic technology, MR scanners naturally pro-
vide a cylindrical geometry with metal boundaries that are nat-
urally formed by the magnet bore, shim coils, gradient coils
or RF shields. At ultra-high magnetic fields and the equiva-
lently high Larmor frequency (ω) for 1H imaging, the condition
for waveguide mode propagation, known as cut-off, can be ful-
filled provided that the bore is sufficiently large. In a hollow
waveguide, there exist two basic types of modes: transverse
electric (TE) and transverse magnetic (TM). Furthermore, the
magnitude of each component of the fields (B and E) has spa-
tial dependence, so the propagating modes in a waveguide in
cylindrical coordinates (r, φ, z) can be expressed as
E(r) = E(r, φ)e−i(hz−ωt),B(r) = B(r, φ)e−i(hz−ωt).
The transverse spatial dependence of the modes is defined by
the Helmholtz equation and characterized by the integer num-
bers m, n that are related to azimuthal and radial field variations,
respectively. The propagating vector h of the TE mode is given
by the dispersion relationship [15]
hmn =
√
k2 − (χ′mn/a)2. (1)
Here, k is a k-vector of free propagating wave inside a medium,
a is the radius of the guide, χ′mn is the n-th zero of the derivative
of the Bessel function Jm of the first kind of order m (m=0, 1,
2). Setting Eq. (1) to be a real number, gives the lowest (cut-off)
frequency for the TE mode
fc = χ′mn/(2pia
√
µε).
The critical wavelength of a mode is λc = c/ fc. The complete
solutions for B-field components (here we follow MRI nota-
tion and use B field instead of H field, which is equivalent for
µ=1) for TE waves inside a waveguide are given by analytical
expressions below [15]:
Bz = cmJm (χmn r/a) cos(mφ)e−ihmnz,
Br =
−iahmncm
χ2mn
J′m (χmn r/a) cos(mφ)e
−ihmnz, (2)
Bφ =
ima2hmncm
χ2mnr
Jm (χmn r/a) sin(mφ)e−ihmnz.
The respective E-field components can be derived from the
impedance condition: B = [zˆ × E]/ηTE , where η is the trans-
verse impedance of the mode. Here, Bz component does not
contribute to B1 field, but it is important to consider for the spe-
cific mode excitation method. The field for TM modes can be
derived from the Helmholtz equation by setting Bz = 0 and the
dispersion relationship is modified by substituting χ′mn for χmn
– the n-th zero of the Bessel function.
Specifically for MR applications, the lowest modes with the
least number of nodes in the B1 are preferred to maintain field
homogeneity. Such modes are: TE11, TM01, TE21, TE01 and
TM11. Though on first blush preference for TM modes might
be considered because of the lack of a Bz component, power
considerations could play an important role in excitation of TM
modes versus the generally more efficient TE modes with fewer
nodes in the B1. The higher index modes can also be useful for
a SENSE method as proposed by [8, 16].
The main challenge for the traveling wave approach in most
conventional MR scanners and NMR spectrometers is the rel-
atively small bore to critical wavelength ratio (a/λc) even at
ultra-high fields. In a 7-T clinical MR system with a bore of
∼60 cm and 1H Larmor frequency of 298 MHz, which corre-
sponds to a free space wavelength of 100.6 cm, a single TE11
can propagate inside the waveguide without a dielectric. To
date, this is the only MR system with a sufficient (a/λc) ratio
for wave propagation in a hollow scanner bore. However, since
λ ∼ 1/√εr, the critical wavelength ratio criteria can be met in
a smaller bore magnet using a high permittivity dielectric in-
side the bore. For the highest magnetic field available for MRI,
namely the 21.1-T, 10.5-cm magnet employed in this study, the
1H Larmor frequency of 900 MHz (33.3-cm free space wave-
length) produces a maximum critical wavelength of 18 cm for
the TE11 mode. With a uniform dielectric having a εr > 4 in-
side the bore there is at least one propagating mode supported
by such a system. For a non-conductive, lossless dielectric
with εr = 80, a typical number for most water-based phan-
toms, the traveling wave would have a spatial period of 3.8 cm
along z-axis. Recently, [8] demonstrated how several dielectric
rods with high permittivities can facilitate multiple mode prop-
agation inside a 7-T human system, while pointing out that a
uniform dielectric-filled bore would be impractical in a clini-
cal system. Fortunately, for ultra-high field NMR spectrome-
ters and microimaging systems with bore sizes below approxi-
mately 10 cm, a single dielectric rod can nearly uniformly fill
the bore to facilitate a number of propagating modes.
Due to the non-zero gap (cladding) between the metal bound-
ary and dielectric insert, the field pattern of Eq. (2) needs to be
modified to allow hybrid modes EH with Ez, Bz , 0. Such a
screened dielectric waveguide partially filled with a concentric
dielectric rod represents a medium with radially anisotropic εr,
and therefore, generally is not solved analytically [7]. How-
ever, for pure TE modes and in many practical cases, where
the cladding or air gap between the dielectric rod and the metal
screen is small compared to the wavelength (high fill factor),
the B1 map of modes are similar to the ones of uniform cylin-
drical waveguide. The hybrid modes exist in the range of fre-
quencies f > f ′c with modified critical frequency f ′c , where the
dominant mode is HE11 followed by TE01, TM01, HE21, etc.
While numerical simulations produce hybrid modes, for quali-
tative purpose we imply pure TE(TM) modes where applicable.
The subtle difference between the uniform dielectric waveguide
and partially filled guide is in the less stringent cut-off require-
ment in the latter case and therefore larger variety of modes
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present in such guide. As a result the actual propagating con-
stants (and the periods) of the modes differ from the analytical
values calculated from the expression for hmn and have to be
numerically calculated.
In addition to the small bore of the MR spectrometers, there
is a relatively long distance (∼ 1.5 m for the 21.1-T magnet)
from the bore opening to the center of field. Therefore, TW
method has to rely on an efficient excitation of the propagating
modes inside the magnet bore [17]. Since the free-space wave-
length is much larger than the bore, ka  1, the patch antenna,
which is commonly used at 7 T TW MRI [18, 19, 20], is not
practical in animal scanners. Therefore, we use an RF loop-
coil as an excitation probe to feed into the cylindrical waveg-
uide [21, 22]. The loop-coil is used both for excitation and
reception. This coil can be made small enough to be inserted
within the magnet bore to reduce the length of the dielectric
and ensure that all components of the RF transmission line are
within the magnet bore. Furthermore, because it is coupling
into the waveguide structure and not acting as an imaging coil
itself, the loop-coil can be aligned at different orientations to
the main magnetic field B0 to induce proper selection of the
dominant propagating mode.
The near field approximation in spherical coordinates (r, θ, φ)
for a loop probe with a constant current I0 is given by [23]
Br = I0 cos θ
a2
r3
Bθ = I0 sin θ
a2
4r3
(3)
Eφ = −iηI0 sin θ (ka)
2
4kr2
.
The exact solution for the mode excitation in a waveguide can
be obtained from the Maxwell equations knowing the distribu-
tion of the electric and magnetic dipoles. However, by knowing
the E (for electric dipole) and B (for magnetic dipole) fields
extrema of the specific mode it is possible to predict its effi-
cient excitation for certain cases. If loop placed in parallel with
B0 (concentric with the waveguide) then θ = 0 and the mag-
netic field B = Br‖B0. In conventional MRI such field would
not excite spins (with exception of the smaller peripheral inho-
mogenious field), however, this magnetic field couples into one
of TE mode through maximum overlap (mode weight) with the
leading Bz component in Eq.(2). The mode index m depends on
the position of the coil with respect to the center of the guide so,
for example, in the axial symmetric case we expect excitation
of TE01 mode. It is known [15] that this mode is a special mode
for a cylindrical waveguide as it has the lowest losses among
all the modes and therefore is the most efficient way to deliver
RF energy to the remote imaging volume. In addition, TE01
mode is degenerate to TM11 mode with respect to propagating
constant (period of the wave in the waveguide), thus one mode
can be locally converted into the other due to presence of in-
homogeneous boundaries such as additional dielectric. Similar
analysis can be applied to the the orthogonal orientation of the
loop when θ = 90. In such case, B = Bθ‖B1 and the probe pref-
erentially excites lowest TE11 mode through Br, Bφ components
in Eq.(2). In addition, various TM (hybrid) modes can be ex-
cited depending on the coil position, relative size, and dielectric
constant.
2.2. Simulations
To validate theoretical predictions we carried out calcula-
tions of the loop-coil matching and coupling into the screened
dielectric guide using finite differences time domain software
Microwave Studio (CST, Darmstadt, Germany). Figure 1 show
Figure 1: Magnetic field vector map of mode coupling into a partially filled
dielectric waveguide for a) parallel, b) orthogonal coil geometries. The inserts
show simulated S 11 parameter with peaks at: (902 MHz, -25 dB) and (904
MHz, -21 dB) for parallel and orthogonal cases, respectively.
vector plot of the magnetic field map for both coil orientation
placed at the entrance of the dielectric tube filled with DI wa-
ter. The resulting mode patterns in the guide correspond to
TE01 and TE11 for two orientations and agree with qualitative
conclusions on mode coupling in Sec. 2.1. The efficiencies of
the modes coupling into the waveguide can be characterized
by simulating S11 parameter that are presented in the insets in
Fig. 1. The simulations produced peaks in S11 at (902 MHz,
-25 dB) for the TE01 mode and (904 MHz, -21 dB) for the TE11
mode. To increase the coupling efficiencies the coils need to be
placed in tight contact with the dielectric.
We further simulated modes in frequency domain by using an
eigenmode solver in Comsol Multiphysics (Burlington, MA).
To eliminate a trivial coaxial cut-off free waveguide case, for
which most of the field is concentrated outside the dielectric,
only a high-permittivity, low loss dielectric rod of deionized
water placed concentrically within the cylindrical waveguide.
For simulation purposes, a metal cylinder was inserted in-
side the simulated magnet throughout the full bore length,
thereby setting the metal boundaries of the waveguide. Within
this metal cylinder, a tube of dielectric (deionized water with
εr = 80 and σ = 5 × 10−5S/m) was fitted tightly such that
propagating modes inside the dielectric would develop as pure
modes of the cylindrical waveguide. Depending on the excita-
tion method, the above setup with Dmesh = 5.6 cm and dielectric
Drod = 3.4 cm would support multiple modes up to a modified
3
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Dmesh Drod 
Figure 2: B1 map of two dominated modes in a partially filled dielectric waveg-
uide: a) TE01 b) TE11; the arrows represent B1 field (here and elsewhere color
bar has a relative scale).
a) b) 
Figure 3: B1 map of traveling waves in a partially filled dielectric waveguide:
a) TE11 and b) TE01, where top - coronal, bottom - axial slices (frequency
domain).
minimum critical wavelength λ′c. Primary modes selection oc-
curs due to the loop positioning with respect to the dielectric
as described in Sec.2.1. We also assumed that the loop coil
was placed as close as possible to the end of the dielectric rod
and centered it in the transverse plane. We computed the dis-
tribution of B1 field of dominated modes in such waveguide
by using 2D eigenmode solver as shown in Fig. 2. As follows
from the field pattern, we confirmed that the waveguide support
TE01 mode (Fig. 2(a)) with the highest efficiency for the par-
allel geometry and the lowest TE11 mode (Fig. 2(b)) that can
be excited by the orthogonal coil geometry. The TE01 field dis-
tribution in the transverse plane shows null of B1, while Bz is
maximum at the center of the rod. The electric field (not shown
in simulations) is directed along concentric circles around the
null in the transverse plane of the rod. The TE11 field distribu-
tion in the transverse plane shows maximum of B1 in the center
of the rod with the two nulls on the edges of the rod, where
FOV a) b) 
Figure 4: B1 map of traveling wave in a partially filled dielectric waveguide:
a) axial, b) coronal slices (frequency domain).
the Bz components are maximum and aligned in opposite direc-
tions. The electric field of this mode is also maximum at the
center of the rod and polarized perpendicular to B1. As seen
from the field pattern, only non-symmetric modes (e.g. TE11)
support circular polarization. All the fields evanescently decay
outside the dielectric rod. Several TM modes (TM01 and TM11)
are also supported by such system but with much smaller effi-
ciency compared to the two primary TE modes so we do not
show them here.
We also simulated traveling wave propagation along entire
waveguide in 3D using a frequency domain solver and a bound-
ary mode analysis near 900 MHz with two numeric ports, one
of which (in the bottom) has an RF power input. Depending on
the number of allowed modes and eigenvalue set in the solver
we observed various cases: near single mode and multimode
(mixed) regimes.
Figure 3 shows coronal and axial slices of B1 field map of
traveling waves in a partially filled dielectric waveguide for sin-
gle mode regimes with TE11-like and TE01-like modes. Simu-
lation figures show a static picture of fringes in coronal plane
that correspond to several periods of traveling waves. Such
static picture is also equivalent (for field magnitude) to a stand-
ing wave pattern along z-axis. In practice, perfectly impedance
matched waveguide results in washing out the fringes along z-
axis. Since the TE01 has smaller critical wavelength (that is
harder to fulfill) than the TE11 the period of TE01 is approxi-
mately twice of the TE11 period (see Fig. 3), so that h11 > h01.
Note, that in the actual MR experiments only the top 6×3.4 cm
(FOV) is imaged.
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Figure 5: Schematic of setup with parallel (a) and orthogonal (b) loop-coil
geometries; a photograph of a loop-coil inside a metal guide (c).
We also obtained a multimode regime where at least two
modes propagate simultaneously along the guide. The typi-
cal field pattern of such regime is shown in Fig. 4. The stand-
ing wave pattern in coronal plane along z-axis appears irregular
with a spiral null pattern in 3D. In practice, multimode regime
can be altered by insertion of additional dielectrics with differ-
ent εr [8] or conductors that effectively act as filters.
2.3. Experimental Method
For experimental verification of the above simulations, the
traveling wave setup using a cylindrical waveguide with a
concentric dielectric sample was used on the 10.5-cm ultra-
widebore, 21.1-T vertical magnet at the National High Mag-
netic Field Laboratory. The system is equipped with an Avance
III 900 MHz spectrometer (Bruker BioSpin Corp, Billerica,
MA) and a specially-built 6.35-cm I.D. microimaging (1 T/m/A
peak) gradient set (Resonance Research, Inc., Billerica, MA).
Simple loop coils were used in this study to excite modes within
the cylindrical waveguide and receive MR signals for imaging.
The coils were designed to fit into an existing wide-bore ani-
mal imaging probe frame. The remote transcieve loop coil was
placed at the entrance to the cylindrical waveguide, with the
outer border of the waveguide defined by a solid copper screen.
Immediately adjacent to the loop coil, the dielectric rod was
positioned concentric to the copper cylinder. The distance from
the loop coil to the active imaging volume was approximately
25 cm. Figure 5 displays the setup with the remote loop-coil
(parallel or orthogonal to the transverse, xy-plane) and a waveg-
uide inserted into the magnets bore and imaging gradients.
The RF coil was constructed from 18-gauge copper wire re-
sulting in a 2.4-cm diameter single loop. The coil was split once
with a Giga-Trim non-magnetic variable capacitor (Johanson
Manufacturing Corpoaration, Boonton, NJ) and was impedance
matched to 50 Ω via an L-type network with similar variable
capacitors (Fig. 5(c)). The copper screen (5.5-cm diameter, 29-
cm length) was constructed from readily available copper shim
stock such that it fit onto an existing in vivo animal probe and
inside the imaging gradients. Figure 5(c) shows the part of ac-
tual probe body with the separate waveguide mounted on the
probe frames lower flange at the same location where the loop
coil is located.
Most of the experiments were performed within the 5.5-cm
copper waveguide and the loop coil placed approximately 25-
cm away from the imaging volume. In a reference experiment
we placed a deionized (DI) water phantom in a 50-mL cen-
trifuge tube at the imaging volume. We observed no signal
because cut-off requirements were not met with an open air
waveguide and the coil itself is not operated in the far-field
regime. With the introduction of a high permittivity dielec-
tric into the waveguide between the loop coil and imaging vol-
ume, the critical wavelength is increased, and several propaga-
tion modes can be supported. To image these modes inside the
dielectric guide itself at the gradient insert region, data were
acquired using a 2D FLASH sequence with TE/TR = 5.0/500
ms, 8 × 4-cm FOV and 312-µm in-plane resolution and a 3D
FLASH sequence with TE/TR = 5.0/150 ms, 6.5× 3.8× 3.8-cm
FOV and 100-µm isotropic resolution. Transmission power was
set by maximizing the receive signal.
In all instances (except where noted), the dielectric rod used
to propagate the traveling waves was also the sample under in-
vestigation. For all experiments, DI water was used as the main
high permittivity (εr ≈ 80) dielectric. We also varied dielectric
rod diameters to 2.4, 3.4 and 4.7 cm in separate experiments to
evaluate the impact of diameter of dielectric to the propagating
mode. In all cases, the length of the tube extended to the end of
the waveguide. For Drod = 3.4-cm, tests were conducted with
the loop coil in orientations parallel and orthogonal to the B0
field. Furthermore, experiments were conducted with and with-
out the presence of the copper screen to utilize metal bore of
the spectrometer.
3. Results and Discussion
With the TW NMR setup shown here, images from multiple
samples were successfully acquired with a loop coil placed 25-
cm away, covering a FOV that is almost twice the coils linear
dimensions in the transverse plane and approximately 35 times
in the longitudinal plane (limited by the gradients physical di-
mensions). Despite certain imaging artifacts and nulls inherent
to TW modes here, one of the main benefits of TW NMR is
the ability to remotely image entire volumes that provide sig-
nificantly more coverage than a birdcage coil, a feature that is
limited by the usable length of the systems imaging gradients.
Figure 6(a, b) compares images from sagittal and coronal
slices obtained from liquid samples placed within a birdcage
coil and within the TW setup using the parallel loop coil
(Fig. 6(c, d)). Notice the birdcage coil covers a length of 3.5-
cm and the TW setup covers as far as the gradients can “see”, a
length of about 6.0-cm. The warping and brightening that occur
at the edges of the images are indicative of the gradient edges
that result in encoding errors. It should be noted that the sam-
ples have different diameters limited by the each coils setup:
2.5-cm for the birdcage coil and 3.5-cm for the traveling wave
setup.
For the liquid samples imaged in this work, two main issues
were consistent throughout the experiments. One is a hyper-
intense zipper artifact that is always present only at the center
slice of the imaging FOV and does not appear in slices adjacent
to the center slice. The artifact appears as two parallel zippers
on opposite ends of the image edges (see Figs. 6 (c, d)). There
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Figure 6: Images obtained from liquid samples placed within a birdcage coil
(a, b) and within the TW setup using the parallel loop coil (c, d).
also exists another single zipper artifact running perpendicular
to the other two zippers, which are located mainly in the longi-
tudinal slices (sagittal and coronal), whereas axial images only
“see” the artifact as a few bright pixels. These artifacts are com-
mon in spectrometers and attributed to the geometric limits of
gradient insert and associated encoding error.
The other observed imaging issue with the setup is the signal
inhomogeneities caused by the nulls that are inherent to specific
modes in a single or multimode regimes within the waveguide.
Interestingly, the nulls proved useful when comparing the dif-
ferent waveguide setups mentioned earlier. While the nulls ap-
peared to have similar patterns, the main difference between the
different waveguide setups was the nulls description of the wave
period and phase. The same can be said about experiments with
different RF loading or samples.
Figure 7 represents an array of axial slices that begin at the
bottom and end at the top of the FOV within the DI water sam-
ple using the parallel loop-coil, dielectric rod of Drod = 3.4-cm,
and separate 5.5-cm copper waveguide setup (this setup is sim-
ilar to the one that used to obtain Figs. 6(c, d). It appears as if
the two nulls are spiraling away from each other as the mode
propagates along z-axis. This behavior is evident for most of
the samples with the parallel coil setup, differing in period and
phase. The separate dots (nulls) in the axial slices correspond
to the propagating and partially reflected waves. For small flip
angle and in the far rf field regime approximation the image
pattern is commensurable to B1 field map. So, apart from the
reflected wave (second null) the observed pattern shows TE01-
like mode, which is slightly offset from the center. TE01-like
mode in the parallel case in Fig. 7 matches respective simulated
mode in Fig. 2(a).
Using parallel coil setup we imaged various dielectric sam-
ples placed into centrifuge tubes, which were inserted inside di-
electric guide within FOV provided by the gradient insert. Fig-
Figure 7: Array of axial slices (D = 3.4 cm) that begin at the bottom and end at
the top of the FOV for the DI water sample utilizing the parallel coil setup.
Figure 8: Central coronal (a-c) and axial (d-f) slices of the 1×PBS (a, d)), PEG
(b, e), and 2.5 M NaCl (c, f) samples, respectively.
c 
2 cm 
Figure 9: Ex-vivo mouse head immersed in 1×PBS and placed within the 50-
mL centrifuge tube: a) coronal, b) sagittal, c) axial slices.
ures 8(a-c) show a coronal central slice of the 1×PBS, PEG,
and 2.5 M NaCl samples, respectively. Figures 8(d-f) show a
central axial slice of the same samples. While the null pat-
terns are similar to those seen with the DI water samples (see
Figs. 6(c-d), and Fig. 7), the efficiency at which mode propa-
gates into the sample varies due to different conductive and di-
electric properties of the samples. The highest SNR is obtained
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b 
c 
Figure 10: Array of axial slices (D = 3.4 cm) that begin at the bottom and end
at the center of the FOV a); coronal b), and sagittal c) slices for the DI water
sample utilizing the orthogonal coil setup.
for 1×PBS with ε ∼ 80 (see Figs. 8(a, d)) and the lowest SNR
– for PEG (400) with ε = 12.4 (see Figs. 8(b, e)). The NaCl
sample (see Figs. 8(c, f)) shows nonuniform distribution along
z-axis, in agreement with the high conductivity that damps the
wave propagation.
The feasibility of tissue imaging with the setup used here is
shown in Fig. 9, which is a central result of our work. The fixed
C57 mouse head was immersed in 1×PBS and placed within the
50-mL centrifuge tube. Despite the persistent signal nulls in-
herent to TE01, the setup here was able to image ex-vivo mouse
head with decent homogeneity within the brain tissue area. As
can be seen in Fig. 9(c), the null entering the sample side ap-
pears to be located, and remained on the edge opposite of the
actual mouse brain.
We repeated experiments with a same setup as per results
shown in Fig. 7 with the similar coil, which was oriented in or-
thogonal plane. Figure 10 summarizes axial images of DI water
utilizing the orthogonal coil setup. For properly matched coil,
as expected from the theory and simulations, the null patterns
differ from the ones obtained in the parallel coil case. In partic-
ular, TE11-like mode in the orthogonal case in Fig. 10 matches
respective simulated mode in Fig. 2(b). The orthogonal coil
setup seems more suitable for uniform excitation of the sam-
ple placed in the center of FOV, while parallel setup provides
excitation of the peripheral areas. The SNR analysis confirms
the preference of orthogonal coil arrangement giving maximum
SNR=92 for the central axial slice in Fig. 10 (a), as compared
to the SNR=79.2 of a similar slice for the parallel coil arrange-
ment (Fig. 7). For the reference we also calculated SNR for the
birdcage coil and PEG sample to be 156 (Fig. 6 (a)), whereas
TW image of PEG gives 4.85 (Fig. 8 (e)).
For all the above presented experimental data the field pat-
terns were consistent for fixed geometry and coil tuning, how-
ever, we observed fluctuation of the coil tuning with respect to
slight offset of the coil and dielectric, which was inherent to dif-
ferent experimental runs. Such tuning instabilities generally re-
sulted in multimode regime and “contaminated” mode patterns
for either coil geometry. From engineering point of view this
problem can be fixed by designing a special probe with built in
loop-coil and dielectric guide. We also designed a special mode
filter made of multiple dielectric tubes, which were arranged in
a star-like (triangular lattice) pattern. Such anisotropic mode
filter placed in the bottom of the FOV helped to clean the prop-
agating mode by affecting all non-symmetric modes and allow-
ing perfect TE01 mode in the parallel coil geometry. In a similar
fashion, the manipulation of any modes can be done by careful
arrangement of the dielectric tubes at the field extrema.
We further verified our screened dielectric concept with var-
ious screens and dielectrics arrangements. Specifically, we
removed a copper shield and placed the same dielectric tube
(D=3.4 cm) inside the scanner thus changing the diameter of
the metal screen to a maximum available bore diameter (D=10.5
cm) that stepped down to about 6 cm inside the gradient insert.
We were able to couple same modes into our waveguide and
obtained MR images although with decreased SNR that we at-
tribute to small effective permittivity [24] in such low volume
fraction guide. We also varied diameters of the dielectric tube
with the fixed metal screen diameter, e.g. increased guide fill
factor. For the dielectric diameter of 4.7 cm we obtained mul-
timode pattern in both coil configuration with higher propaga-
tion constant as observed from the partial standing wave pat-
tern. The above observations qualitatively agree with the the-
ory. While dielectric insert with large diameter allows more
propagating modes, the smaller diameter may be preferred for
a single mode regime.
4. Conclusion
Traveling wave MRI in an ultra-high field vertical MR sys-
tem was achieved with an appropriate cylindrical waveguide
and a high permittivity dielectric sample to enable propagation
beyond hollow guide cut-off for imaging in the far field. The-
ory and simulations corroborate the observed propagating mode
structure. The applicability of the above methods relies on
propagating wave properties, which are much more pronounced
at ultra-high fields (due to smaller wavelengths) of small bore
systems. While these systems potentially benefit most from this
implementation, the impact and utilization of high dielectric
materials/samples as an integral part of the waveguide may be
significant for clinical MRI systems, particularly with continu-
ing increases in B0 field strength that are under construction and
in planning. Furthermore, the SNR in presented results can be
improved with a more efficient guide excitation (index match-
ing) by incorporation of the coil inside the dielectric.
Our results show a simple way to implement multimode
regime for potential parallel imaging schemes using only a sin-
gle (or a few) channel. The fundamental implication of this
work is the exploration of new phenomena arising from the spa-
tial and spectral interference of propagating excitation fields.
Applicability of the above method rely on propagating waves
properties, which are much more pronounced at the ultra high
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fields (due to smaller free-space wavelengths) of small bore
scanners (spectrometers), therefore, those systems potentially
benefit even more from traveling waves than human size sys-
tems.
This work was funded by NSF (DMR-0084173 and NHMFL
User Collaborations Grant Program).
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